We study the performance of an adaptive optics ͑AO͒ system with four laser guide stars ͑LGSs͒ and a natural guide star ͑NGS͒. The residual cone effect with four LGSs is obtained by a numerical simulation. This method allows the adaptive optics system to be extended toward the visible part of the spectrum without tomographic reconstruction of three-dimensional atmospheric perturbations, resolving the cone effect in the visible. Diffraction-limited images are obtained with 17-arc ms precision in median atmospheric conditions at wavelengths longer than 600 nm. The gain achievable with such a system operated on an existing AO system is studied. For comparison, performance in terms of achievable Strehl ratio is also computed for a reasonable system composed of a 40 ϫ 40 Shack-Hartmann wave-front sensor optimized for the I band. Typical errors of a NGS wave front are computed by use of analytical formulas. With the NGS errors and the cone effect, the Strehl ratio can reach 0.45 at 1.25 m under good-seeing conditions with the Nasmyth Adaptive Optics System ͑NAOS; a 14 ϫ 14 subpupil wave-front sensor͒ at the Very Large Telescope and 0.8 with a 40 ϫ 40 Shack-Hartmann wave-front sensor.
Introduction
Adaptive optics ͑AO͒ systems installed on 4-m-class telescopes, such as the Adaptive Optics Near Infrared System ͑ADONIS͒ of the European Southern Observatory ͑La Silla, Chile͒ 1 and the Canada-FranceHawaii Telescope Adaptive Optics Bonnette ͑PUEO͒, 2 have demonstrated their efficiency in improving image quality for astronomical observations. Among the 8 -10-m-class telescopes, the two Keck telescopes and the Gemini North have already begun to show their capabilities with AO. Most other large telescopes ͑Subaru, Gemini South, the Large Binocular Telescope, and the European Southern Observatory's ͑Very Large Telescope͒ are now being equipped with AO systems. To correct for the atmosphere, a bright guide star is needed, but, as sky coverage studies demonstrate, bright-object candidates for guide stars are rare ͑see, for example, Ref. 3͒. AO systems are used mostly for near-infrared observation, as the sky coverage in the visible is small. To extend the AO systems on large telescopes toward the visible part of the spectrum remains a challenge.
In 1985, Foy and Labeyrie 4 proposed to compensate for the lack of bright natural guide stars ͑NGSs͒ by using a laser beam to create an artificial star in the upper atmosphere. Either Rayleigh or Mie scattering at altitudes near 10 -20 km and resonant scattering by sodium atoms near 90 km are powerful ways to obtain artificial guide stars. Nevertheless, laser guide stars ͑LGSs͒ introduce two main problems. As a result of the round trip of the laser light, atmospheric tip-tilt introduces two different deviations of the wave front that cannot be measured separately. Lack of knowledge of the tip-tilt experienced by the upward laser beam prevents recovery of the downward beam. Therefore a tip-tilt measurement cannot be obtained from a LGS, and use of a NGS is required for determining tip-tilt. The second drawback is the consequence of the finite altitude of the artificial star. The LGS emits a spherical wave front, which does not pass through the same turbulence as a natural star. Nevertheless, the natural star is corrected by use of the phase measurements of the laser light. The induced error is called the cone effect ͑or focus anisoplanatism͒. It induces a systemic erroneous correction and thus limits improve-ment of the image quality. It becomes more critical toward shorter wavelengths, for larger telescope apertures, and for high-altitude seeing. At an average astronomical site and for an 8-m telescope, the Strehl ratio ͑S R ͒ that is due to the cone effect is attenuated almost to zero at visible wavelengths. The cone effect has already been thoroughly studied, and the best solution to eliminating it seems to be to use several guide stars.
Tomographic methods to sense the entire atmosphere and to reconstruct the three-dimensional volume 5 of turbulence have been proposed. They are currently under study and will likely solve most of the cone-effect problems, permitting the implementation of an AO system in the visible. Multiconjugate AO are currently under development. The aim is to use several laser guide stars to measure the complete turbulence volume and several deformable mirrors ͑DM͒ conjugated to different altitudes to increase the corrected field of view. Simpler methods that use multiple LGSs but a single deformable mirror to correct for the cone effect have also been proposed. In these methods, only the perturbation over the telescope pupil is measured, with no knowledge of the altitude distribution of the atmospheric perturbation. Three different techniques, namely, merging, stitching, and butting, were discussed by Parenti and Sasiela 6 and by Tyler. 7 The principle is to measure all the LGSs with only one wave-front sensor. The difference among the three methods lies in the way in which the LGSs are used.
In the merging method, each LGS is measured over the entire sensor aperture, whereas in the butting method the sensor is divided into subsystems, each of which sees only one LGS. Stitching is similar to butting, but it treats the edge problems between the subsystems and overlaps small parts of the beams to combine their measurements.
Our aim in this paper is to investigate more deeply the four-LGS measurement method, which is closely related to butting. This method still has the problem of indeterminate tip-tilt from each LGS. Therefore, relating the measurements by measuring the tip-tilt at each subpupil, i.e., the tilt of each LGS, will require a NGS. To make study of the system easier, we consider a 4 ϫ 4 Shack-Hartmann wave-front sensor, with each subpupil measuring the tip-tilt for one LGS only.
Suppose that we have such a system with four LGSs and a NGS and we want to determine its performance. The problem is presented in detail in Section 2. In Section 3 the method used to compute the cone effect is validated with one LGS. In Section 4 we compute the residual cone effect of such a system. The usual AO errors are introduced in Section 5, and in Subsections 5.B and 5.C and Section 6 we consider their effect as a function of wavelength, magnitude, and off-axis angle, respectively, of the NGS. We conclude by describing in Section 7 the performance of the four-LGS method and the improvement in correction that is achievable with that method.
Description of the Problem
The cone effect is a severe limitation on the improvement of the image quality in the visible part of the spectrum. To reduce the effect, Parenti and Sasiela 6 proposed using several LGSs in a butting configuration, each LGS measured by only a part of the wavefront sensor ͑WFS͒ system. The number of LGSs was chosen for practical implementation and with regard to the minimal performances required, as we discuss further in Section 4 below. With the four-LGS method studied in this paper, each LGS is seen by one fourth of the system. The difference between the butting and the four-LGS method is in the number of modes to be determined from the NGS. Indeed, as we already explained in Section 1, because of the round trip of the laser light, tip and tilt are not sensed by the LGS. The butting method 6 determines only global tip and tilt modes from the NGS. But, when the four LGS measurements are combined, three more modes have to be determined from the NGS measurement, as shown in Fig. 1 . Our method uses the NGS to measure tip and tilt on each subpart of the system ͓equivalent to measuring five modes ͑defocus, two astigmatisms, plus tip and tilt͒ with the NGS. To be able to sense all these modes, we have to use a 4 ϫ 4 WFS. Le Louarn and Tallon 5 found the same effect with tomography: With two deformable mirrors, five modes ͑particular forms of tip-tilt, defocus, and astigmatism͒ cannot be sensed by the system. This is the main difference between our study and previous studies: Murphy et al. 8 did not consider the problem when they experimented with their method. The poor results that they obtained can be explained partially by the bad correction of defocus and astigmatism. LGSs is seen by only one fourth of the WFS subapertures, and the round trip of the laser light prevents estimation of the atmospheric tip-tilt from the LGS wave fronts. All the unsensed modes on the telescope pupil ͑defocus, two astigmatisms, plus tip and tilt͒ that are due to the tip-tilt insensitivity of the four LGSs are shown.
Cone Effect
The cone effect is a consequence of the finite LGS altitude. The spherical wave front that comes from an artificial star does not pass through the same portion of the atmosphere as the plane wave front of the natural star located at an infinite distance from the ground. The mean-square residual wave-front distortion that is due to the cone effect is
where R is the telescope's radius; W͑r͞R͒ is a pupil function equal to 1 if r Ͻ R and to zero otherwise. NGS ͑r͒ and LGS ͑r͒ are, respectively, the wave fronts measured by the NGS and by the LGS. The angle brackets used here and throughout this paper imply an ensemble average. Tyler 7 showed that cone 2 can be estimated for one LGS by use of the following expression:
where F͑h͞H͒ is a combination of hypergeometric functions, 7 D is the telescope's diameter, is the zenith angle of the LGS, and H is the LGS altitude. Knowing the C n 2 profile and the wavelength, we can compute the cone effect from Eq. ͑2͒. As the analytical solution found by Tyler is valid only for one LGS, we used Eq. ͑1͒ to compute the cone effect for the four-LGS method and a numerical simulation, a laser-aided astronomical adaptive optics system simulator ͑LA 3 OS 2 ͒ as described by Delplancke et al. 9 and Carbillet et al. 10 This software, developed in the framework of the Training Mobility of Researchers network of the European Union, allows any AO system to be simulated. The atmospheric perturbation is modeled by two infinitely thin Kolmogorov turbulence screens. The propagation is made by use of the near-field approximation; therefore only phase variations are considered, and they are assumed to be weak, so scintillation is neglected. The two atmospheric models used in this paper were detailed by Le Louarn et al. 3 The good-seeing ͑GS͒ conditions are obtained 20% of the time, whereas median-seeing ͑MS͒ conditions are obtained 50% of the time. The heights of the two turbulence layers were chosen from the measured profiles taken at Paranal in Chile. 11 The atmospheric parameters used in this study are summarized in Table 1 . The values of parameter d 0 computed with Eq. ͑3͒ are also listed; they are in agreement with the typical values usually obtained for a sodium LGS. 13 We simulate the spherical propagation of the wave front ͑WF͒ by magnifying each layer by the factor H͑͞H Ϫ h lay ͒, where H is the sodium layer's altitude and h lay is the altitude of the atmospheric layer͒ before summing all the phase screens to obtain the phase perturbation on the telescope pupil. We use 100 statistically independent WFs. By computing the statistical variance of the difference between
LGS and NGS we obtain the mean-square residual distortion for one LGS.
The numerical simulation and Eq. ͑2͒ give the same cone-effect error ͑͒ for one LGS within a fewpercent. The results are summarized in Table 2 . Under MS conditions ͑r 0 ϭ 0.15 m͒ the analytical variances are 3% higher than the numerical variances for all the wavelengths considered. The numerical method is slightly optimistic but still gives a reasonable estimation of the error variance. These results validate our numerical simulation results.
To determine the image quality from the variance, we use the Strehl ratio ͑S R ͒, defined as the ratio of the maximum intensity in the point-spread function to that in a theoretically perfect point-spread source image ͑Airy disk͒. A good approximation for high S R ͑S R greater than 0.1-0.2͒ is
With S R Ӎ 0.2, the diffraction limit of the telescope is reachable with a deconvolution technique. We shall consider this value the good-correction limit. The Strehl ratio from the cone effect only is plotted in Fig.  2 . For comparison, we have also indicated ͑dia-monds͒ the values obtained from Eq. ͑2͒. We can conclude that the numerical simulation gives a reliable estimation of the cone effect. Under MS conditions the cone effect is too strong to permit an AO system coupled with one LGS to be used on an 8-m telescope. Therefore, visible wavelengths are not reachable with the classic AO system and a single LGS, so a multiple-LGS method must be investigated.
Cone Effect for the Four-Laser Guide Star System
First we want to determine the optimal positioning of the LGS in the sky for the four-LGS method. Usually, multiconjugate AO system evaluations position
LGSs at the limit of the corrected field of view. 5 With our method, each LGS is seen by only one quarter of the WFS, and we want to minimize the cone effect. As the cone effect depends on the equivalent telescope diameter, each LGS has to be positioned above the center of gravity of its own subpupil.
The center of gravity of a 90°sector with a unit radius is located at a distance of 4 ͌ 2͑͞3͒ ϭ 0.600 from the center of the telescope pupil. For an 8-m telescope, each laser spot is positioned at r op ϭ 2.40 m or r op ͞H ϭ 5.50Љ from the optical axis for a sodium layer altitude H ϭ 90 km. Now we compute the residual variance of the four-LGS method with Eq. ͑1͒. This computational technique was validated in Section 3 with one LGS. At the input of the WFS we create a composite WF made from four different quarters of the four-LGS WFs. We obtain the mean-square residual distortion for four LGSs by computing the variance of the difference between 4LGSs and NGS .
We chose four LGSs for practical implementation, but it is interesting to show here the performance variations with three or five LGSs. The optimal position of the LGS can also be determined for three or five LGSs if we suppose that each laser is located at an equal angular distance from the telescope axis. The residual variance that is due to the cone effect was computed for one, three, four, and five LGSs. The Strehl ratio is plotted in Fig. 3 . Even if there is still some gain from using five instead of four LGSs, we limit ourselves by supposing that the method should give a Strehl ratio better than 0.5 when only the cone-effect degradation is considered. Because such performance is obtained with four LGSs, we limit our study to the four-LGS method. From Eq. ͑1͒ we see that the residual variance cone 2 varies as
Ϫ2
. Therefore, for given atmospheric conditions, we compute one set of screens at 500 nm and obtain the cone-effect residual error at a different wavelength by using the scaling law 4LGSs ͑͒ 2 ϭ 4LGSs
where is given in nanometers. 4LGSs ͑500͒ 2 is the residual variance that is due to the cone effect at 500 nm, and 4LGSs ͑͒ 2 is the residual variance that is due to the cone effect at a given wavelength ͑in nanometers͒. The results are shown in Fig. 4 . They do not depend LGSs at 500 nm under the GS conditions defined in Table 1 and Eq. ͑1͒. on the WF's sensor characteristics. For comparison, the one-LGS cone effect is also plotted. With four
LGSs the cone-effect problem can be solved in the visible under GS conditions because S R ϭ 0.55 at 500 nm. Even under MS conditions, S R ϭ 0.2 is obtained at 650 nm, which means a diffraction limit of 17 are MS. The correction degrades continually with anisoplanatism ͑field of view equivalent to a few arc seconds͒, so this technique is useful for highresolution imaging on small spatial extension objects. The gain in terms of variance is 0.54 for all wavelengths, which means that residual variance with four LGSs is two times smaller than residual variance with one LGS. Under GS conditions, at 500 nm the S R goes from 0.27 with one LGS to 0.55 with four
LGSs. For MS conditions at 500 nm, four LGSs permit only a partial correction ͑S R Ӎ 0.05͒. However, a single LGS gives an S R lower than 10
. In the near IR, the cone effect is small and therefore the four-LGS method does not increase S R significantly compared with one LGS.
This performance in terms of Strehl ratio is obtained with a perfect AO system. But the AO system itself adds other errors, which reduce the quality of the correction. To determine performance of a real AO system, we require that the other usual errors of an AO system working with a NGS be added to the cone-effect evaluation. Next, we shall define the Very Large Telescope's AO system.
Analytical Study of the Configurations

A. Adaptive-Optics System
The NAOS 14 for the Very Large Telescope has a 14 ϫ 14 Shack-Hartmann WFS. The system will be used only with a NGS for mid-IR observations unless exceptional seeing is present or low S R are adequate, but it is planned to install one LGS a few years later. Therefore it is interesting to compare the performance of the NAOS with one LGS to that with the four-LGS method. We will call the NAOS with four
LGSs NAOS-14 for this study. The AO system characteristics are identical to those of the NAOS with one LGS, but, because of the use of four LGSs, the NGS has to correct for more perturbations. With four LGSs, a 4 ϫ 4 Shack-Hartmann sensor ͑SHS͒ has to sense the NGS, whereas a quadcell is enough to measure the tip-tilt with one LGS. We chose a 4 ϫ 4 SHS for the study instead of 3 ϫ 3 SHS ͑enough to measure five modes͒ for geometrical considerations only ͑each 2 ϫ 2 subaperture surface of the 4 ϫ 4 SHS exactly matches the subaperture surface of the highorder SHS, which is lit by one of the four LGSs͒. Therefore the tip and the tilt not sensed by each LGS are measured on 2 ϫ 2 subapertures of the 4 ϫ 4 SHS. To estimate the AO correction with few fitting and aliasing errors at short wavelengths, we also consider a 40 ϫ 40 SHS WFS system ͑called NAOS-40 hereafter͒ optimized for 0.9 m. This kind of system does not require new technology and already provides a way to go through shorter wavelengths. We take a 9th-magnitude LGS with NAOS-14. For NAOS-40, we consider a brighter, 6th-magnitude, LGS. The AO studied systems are summarized in Fig. 5 and Table 3 .
We use analytical formulas to compute AO performance in terms of Strehl ratio. The various errors in a single LGS AO system have already been expressed by analytical formulas in a number of papers. [15] [16] [17] [18] Such analytical expressions allow the AO performance to be studied as a function of wavelength and of NGS magnitude; the study consumes a small amount computation time. The entire error budget of an AO system takes into account errors related to the geometry of the system such as sensor noise ͑ ron 2 ͒, fitting and aliasing errors ͑ fit 2 and alias 2 ͒, and external noise such as sky background and photon noise ͑ ph 2 ͒ that are directly related to the number of photons emitted by the source. A temporal delay ͑ time 2 ͒ is caused by the lag between the sensor measurement and the applied correction. All these errors are highly dependent on the sensors' characteristics. The analytical simulation and all the errors used are described in Le Louarn et al. 3 The global phase variance for an AO system with four LGSs is obtained by the sum of all the errors:
with 4LGSs 2 as computed in Section 4 by a numerical method and the other errors from analytical formulas. 3 Of course, each of these errors has to be computed either for the higher-order WFS ͑14 ϫ 14 SHS or 40 ϫ 40 SHS͒ or for the low-order WFS used with the NGS.
When the NGS is off axis, an anisoplanatism error has also to be added to Eq. ͑6͒ ͑see Subsection 5.D below͒.
B. S R Dependence on Wavelength
Current AO systems ͑such as the NAOS-14͒ are optimized for near-IR wavelengths. Therefore their correction in the visible is poor owing to fitting and aliasing errors and to temporal delay before the correction. With a system optimized for the I band ͑900 m; NAOS-40͒, fitting and aliasing errors become smaller, producing better correction in terms of S R at shorter wavelength. The Strehl ratio is plotted versus wavelength in Fig. 6 .
In Fig. 6͑a͒ , the performance of the NAOS-14 is illustrated; the performance of the NAOS-40 is shown in Fig. 6͑b͒ . The four-LGS method is shown by asterisks; the one-LGS method is represented by dashed curves. It is shown below that the assumed NGS magnitude is bright enough: The AO correction does not suffer from lack of photons. To distinguish the different contributions to the global error, we list in Table 4 the high-order residual variances ͑residual cone effect and AO system errors͒ and the low-order residual variance from tip-tilt sensing at 500 and 1500 nm for the two systems.
We first consider the NAOS-14 system ͓Fig. 6͑a͒ and rows 1-4 in Table 4͔ . Under GS conditions, S R Ͼ 0.2 image is obtained for wavelengths higher than 700 nm ͑with either one or four LGSs͒. Under MS conditions, one has to observe at wavelengths higher than 1.2 m to obtain such S R . Fitting and aliasing dominate all the others errors. WFS errors are 1.5 to 2 times larger than cone-effect errors ͑col-umns 5 and 6 in Table 4͒ . Therefore the decrease in cone-effect error with four LGSs does not bring a large reduction of the global residual variance, even at 1500 nm, when NAOS-14 is used.
Consequently, it is interesting to study the gain that is achievable with the NAOS-40 ͓Fig. 6͑b͒ and rows 5-7 in Table 4͔ . With one LGS, S R ϭ 0.2 is reached at 500 nm under GS conditions and at 900 nm under MS conditions. The residual cone effect dominates at either 500 or 1500 nm, but the contribution of the WFS error is not negligible. At 500 nm the addition of this error to the cone effect induces an S R decrease of 50%.
With four LGSs the residual cone effect and the WFS error have similar values; the first error is slightly greater than the second error ͑rows 6 and 8͒. Nevertheless, the residual variances are much smaller than with one LGS; the global residual variance is reduced by approximately 35% ͑rows of 5 and 6, column 4, Table 4͒ . With four LGSs, S R Ͼ 0.2 is obtained above 500 nm under GS conditions and above 800 nm under MS conditions. The gain in terms of wavelengths ͑for a fixed S R ͒ is 0.1-0.2 m compared with that for 1 LGS. With the NAOS-40, the four-LGS method permits a gain of a factor of 2 in Strehl ratio at 1000 nm under GS conditions and of a factor of 1.1 under MS conditions relative to the one-LGS method. Above 1.2 m, both systems, with either one or four LGSs under either GS or MS conditions, give S R Ͼ 0.2 with a bright NGS. Therefore we chose to study the dependence of the two AO systems on the NGS magnitude at 1.25 m to determine the effect of guide-star magnitude on performance in terms of S R .
C. Limiting Magnitude of the Natural Guide Star
The NGS measures the low-order perturbations of a wave front. Good correction of these large-scale perturbations is essential, as they are strong in Kolmogorov turbulence. We compare here the quantity of photons needed to correct only tip-tilt ͑in the one LGS method͒ or modes up to the astigmatisms ͑with the four-LGS method͒. The variation of S R as a function of guide-star magnitude is studied at 1.25 m. Magnitudes that correspond to 50% S R degradation owing to low-order mode errors are listed in Table 5 . The variations of S R with magnitude are plotted for NAOS-14 and NAOS-40 in Fig. 7 .
By considering NAOS-14 first ͓Fig. 7͑a͔͒ and only the residual variance that is due to the NGS, we can estimate the loss in terms of limiting magnitude owing to the presence of higher modes sensed by the NGS. We list in Table 5 the magnitudes at which the low-order errors induce 50% S R degradation. A loss of 1.9 magnitudes under GS-conditions and of 2.1 under MS conditions occurs. With a NGS magnitude brighter than 12 under MS conditions ͑14 under GS conditions͒ the four-LGS method gives better S R than the one-LGS method.
The NAOS-40 ͓Fig. 7͑b͔͒ limiting magnitudes are 0.5 magnitude higher than those obtained with NAOS-14 ͑Table 5͒. This result is due to the different quantum efficiencies of the two systems ͑Table 3͒. The initially better S R with the NAOS-40 as a result of a smaller cone effect and smaller WFS errors allows this system to reach better S R at a given magnitude than the NAOS-14 system. The limit S R ϭ 0.2 is obtained with NAOS-40 up to magnitude 15 under MS conditions and magnitude 18 under GS conditions with the four-LGS method, whereas these We saw above that a bright NGS is essential for a good correction with the four-LGS method. We have assumed that the NGS was on axis. Now we study the error that is due to an off-axis NGS. Chassat 19 has computed the off-axis angle effect for each Zernike mode: He has shown that the decorrelation increases faster with off-axis angle for higher-radialdegree polynomials. With one LGS, only modes of the first radial order, n ϭ 1, are determined from the NGS measurement ͑i.e., tip and tilt͒. With four
LGSs, the off-axis angle anisoplanatic effect is taken into account for each mode up to the radial order n ϭ 2 inclusive.
In Fig. 8 we plot S R degradation as a function of the NGS off-axis angle for the NAOS-14 at 1250 nm. Under GS conditions a Strehl attenuation of 50% is reached at 32 arc sec with the four-LGS method, whereas with the one-LGS method it occurs at 47 arc sec. Under MS conditions, the Strehl attenuation of 50% is reached faster at 15 and 24 arc sec with the four-LGS and one-LGS methods, respectively. The four-LGS method induces a loss of 15 arc sec under GS conditions and of 9 arc sec under MS conditions. Therefore the anisoplanatism effect is a severe limitation that quickly decreases seeing conditions and the number of modes measured by the NGS as the angular distance increases.
Sky Coverage with Four Laser Guide Stars
Obviously, the four-LGS method suffers from the fact that the NGS is needed to correct n ϭ 2. Using a synthetic model of our galaxy, we can determine the density of an observable star at each galactic latitude and longitude in a given wavelength band. The statistical sky coverage is computed here at average galactic position ͓͑l ͒ ϭ 180, ͑b͒ ϭ 20͔ and in the galactic plane ͑l, galactic longitude; b, galactic lattitude͒. It takes into account the NGS's magnitude and the residual anisoplanatic effect. We compute the sky coverage for various Strehl ratios and several NGS magnitudes in the J band with the NAOS-40 system and four 6th-magnitude LGSs, using the socalled Besançon model, 20 which is a synthetic model of the galaxy. This statistical approach is described by Le Louarn et al. 3 In Fig. 9 we plot sky coverage versus Strehl ratio in the J band achieved with four
LGSs, one LGS, and 1 NGS only, at average galactic positions ͓Fig. 9͑a͔͒ and in the Galactic plane ͓Fig. 9͑b͔͒.
At average galactic position ͓Fig. 9͑a͔͒, a diffraction-limited point-spread function ͑S R ϭ 0.2͒ is obtained at probabilities of 100%, 50%, and 20%, respectively, with the one-LGS and the four-LGS methods and with one NGS. For a Strehl ratio of LGS as a function of the NGS magnitude at 1250 nm. With a NGS magnitude of less than 13, the four-LGS method gives slightly better S R than the one-LGS method. At higher magnitudes, the correction is worse with four LGSs because of the need for bright NGS to provide correction up to the astigmatism mode. Fig. 8 . Performance degradation as a function of NGS off-axis angle ͑in arc seconds͒ at 1250 nm. The four-LGS S R loss is plotted as solid curves; the one-LGS S R loss is plotted as dashed curves. Results are presented for both GS and MS conditions. 70%, the best sky coverage, obtained with four LGS, is 1%. In the Galactic plane ͓Fig. 9͑b͔͒, sky coverage is greater owing to a higher star density: A sky coverage of 15% is achieved with a 70% Strehl ratio for four LGSs. For S R ϭ 0.5, the sky coverage achieved with the four-LGS method is ten times greater than that obtained with 1 NGS.
The four-LGS method allows observations to be carried out with high-quality correction and significant sky coverage. From Fig. 8 we know that the NGS must be near the natural star and that the corrected field of view is a few arc seconds in the visible part of the spectrum. From Fig. 7 it can be deduced that NGSs brighter than 14th magnitude have to be used to yield high-quality correction.
Conclusions
We have studied the four-LGS method for improving the image quality when an AO system is used. Our aim has been to determine the performance of such a system in the visible. Each LGS is seen only by one quarter of the pupil, thus reducing cone-effect error. We have shown that with four LGSs the cone effect is significantly reduced at 500 nm under GS conditions ͑600 nm under MS conditions͒. A high Strehl ratio of 0.6 at 500 nm under GS conditions will allow objects from the ground to be observed with 13-arc ms resolution by use of a perfect AO system.
We also studied the global performance of AO systems with a 14 ϫ 14 SHS and a 40 ϫ 40 SHS with four LGSs. If we consider only the NAOS-14 system, which will soon be installed at Paranal, Chile, four LGSs allow the Strehl ratio to be increased by 5% and to have a diffraction-limited point-spread function at 0.7 m under GS conditions and at 1.2 m under MS conditions. The NAOS-40 system, which could be an upgrade of the NAOS-14, gives ͑with the four-LGS method͒ a diffraction-limited PSF at 0.5 m under GS conditions and at 0.9 m under MS conditions.
A NGS that is 2 magnitudes brighter than the NGS with the one-LGS method must be used with four
LGSs to measure more modes. The four-LGS method gives a better Strehl ratio than the one-LGS method with a NGS magnitude brighter than 14th.
As anisoplanatism effect causes a rapid drop in S R with distance to the reference object and with increasing numbers of modes corrected by the NGS. Therefore the reference star must be near the natural star. The corrected field of view is limited by anisoplanatism.
With an upgraded AO system such as the NAOS-40, high resolution with a high Strehl ratio can be achieved in a small field of view. Extended objects cannot enjoy this benefit, but, for example, stellar sources bright enough also to be the NGS reference can be studied by coronography. The environments of stars, and also the surfaces of the largest stars, of asteroid and moon surfaces, and also of the outer planets can be observed ͑the minimal Pluto size is 65 arc ms͒. The sky coverage in the J band with a 0.7 Strehl ratio is ϳ15% in the galactic plane and 1% at an average galactic position.
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